The installation of underground trunk sewer lines in the Tuang Formation of 4 Kuching City, Malaysia utilized trenchless technology in the form of the pipe-jacking method. 5
INTRODUCTION 28
Pipe-jacking may have become the preferred delivery method over conventional open 29 trenching for installation of buried infrastructure, largely due to the mitigated disturbances to 30 ground surface, as well as the reduced disruptions to road traffic. Such trenchless technology 31 methods involving micro-tunneling can be implemented in the form of pipe-jacking. Pipe-32 jacking works in the central business district of Kuching City, Malaysia were necessary as 33 trunk sewer lines were proposed to be installed in depths up to 25 m from the existing ground 34 level. The pipe-jacking works traversed the pre-upper carboniferous Tuang Formation, 35 characterized by highly fractured and tightly folded phyllite, with highly fractured 36 lithological units of shale, metagreywacke, and sandstone (Tan, 1993) . The relatively young 37 and weathered geological formation created challenges during extraction of rock cores in soil 38 investigation (SI) works, particularly from the argillaceous units of shale and phyllite. The SI 39 works revealed that majority of the recovered cores of shale and phyllite had a Rock Quality 40 Designation (RQD) value of zero. RQD is defined as the total length of recovered cores 41 longer than 100 mm expressed as a percentage of the total rock core length (Deere, 1989) . 42
The low RQD values implied a lack of suitable core lengths for uniaxial compression strength 43 (UCS) and point load testing. This made it difficult to assess the in-situ weathered rock 44 strength parameters as the preferred in-situ pressuremeter tests were not readily available at 45 that point in time. Furthermore, local expertise in the industry in performing the in-situ 46 pressuremeter tests was very limited. Unfortunately, pressuremeter tests were not originally 47 The use of these jacking force models is still dependent on the surrounding rock strength 142 characteristics and pipe-rock interface properties, which are difficult to assess in this Kuching 143
City study due to the friability of the extracted rock cores from the Tuang Formation. A novel 144 approach of acquiring the representative rock strength properties from reconstituted tunneling 145 rock spoils for the assessment of jacking forces is thus studied hereinafter. Tiwari and Rao, 2007) . As a result of the challenges in obtaining 166 natural intact rock cores of suitable lengths, and also due to the friability of the in-situ rock, it 167 was not practically possible to ascertain the anisotropy of the rock mass. 168
PROPOSED METHOD OF TESTING RECONSTITUTING ROCK SPOILS
Thus, a novel method to test and assess the reconstituted micro-tunneling rock spoils was 169 initially developed for a typical pipe-jacking drive in Kuching, Malaysia (Choo and Ong, 170 2012). Literature review shows that the reconstitution of rock fragments has beensuccessfully conducted on Australian black coal in order to homogenize the high variability 172 of its mechanical properties (Jasinge et al., 2009 ). Cement was used to stabilize the coal 173 samples. UCS and PLT tests were conducted on the reconstituted stabilized coal. The testing 174 results indicated reasonable homogeneity of the strength of the reconstituted coal. This 175 particular study successfully showed good potential in obtaining useful strength parameters 176 and correlations for reconstituted rock samples. This fundamental understanding was applied 177 hereinafter to allow for direct shear testing of tunneling rock spoils to obtain the relevant 178 shear strength properties. 179
In the current study, as the in-situ rock mass is naturally friable due to deep weathering in 180 a hot and humid climate (Malaysia is located on the Equator) (Tan, 1993) , the concept of 181 reconstituting the excavated spoils into a shear box is to 're-create' the situation of intensely 182 fractured, irregular and poorly sorted rocks with many arbitrary joints or fine cracks found on 183 the surfaces of the in-situ samples. This could be described as a highly weathered 'soft rock' 184 which perhaps behaves more closely to soil, and hence the possible use of 'soil' equations as 185 shown in Eqs. (1) and (2). If proven reliable, research into the properties of reconstituted 186 tunneling rock spoils could provide a platform for consistent prediction of jacking forces 187 accrued during pipe-jacking works in highly fractured geology. 188
Characteristics of test samples 189
Petrographic analyses of thin sections were conducted on rock cores obtained from pipe-190 jacking shaft locations. Fine-grained sandstone (metagreywacke) (see Fig. S1 Scalping of the spoils was carried out in relation to the size of the shear box, where the 224 maximum particle size in the tested samples did not exceed 1/10th of the thickness of the test 225 specimen (Head, 1992) . Successfully scalped samples were compacted in three layers within 226 the shear box by using a tamping plate to ensure even distribution of the compaction effort. 227
Test samples achieved relative densities ranging from 65% to 99% (see Table 1 ). Initial tests 228 were conducted at effective normal stresses representative of the in-situ overburden pressures 229 of the pipe-jacking works. Additional tests were performed beyond the confining pressures in 230 order to generate more data points to establish failure criteria. The said effective normal 231 stresses experienced by each sample type are also presented in Table 1 . Specimens were 232 saturated and consolidated under the applied effective normal stresses until the completion of 233 primary consolidation, which was typically achieved within 5 minutes. ASTM (2003) 234 recommends for clean dense sands to be sheared at a rate computed from Eq. (6). 235 any. The samples were all tested to a maximum applied horizontal deformation of 15 mm, 241 which was sufficient to achieve residual state for the samples tested. 242
DIRECT SHEAR TEST RESULTS 243
The variations of shear stress and vertical displacements against horizontal displacement 244 from direct shear testing on scalped tunneling rock spoils are shown in Fig. 2 power-type curves were applied at the effective confining pressures pertaining to the 287 respective pipe-jacking depths (Fig. 2) . Values for these tangential MC parameters for both 288 peak and residual phases are presented in Table 3 the highest values for apparent cohesion, with only a slight decrease in cohesion from peak to 311 residual phases. In contrast to the blocky quartz crystals found in sandstone (Test 1), angular 312 and plate-like mica present in phyllite imply that formation of the shear zone was more likely 313 to be achieved through particle breakage than through rotation and rolling of the particles 314 (Lade et al., 1996) . 315
APPLICATION OF DIRECT SHEAR TEST RESULTS TO THE BACK-ANALYSIS 316

OF µ avg 317
Field measurements of pipe-jacking activities comprising of jacking forces, jacking speeds, 318
and lubrication use are shown in Fig. 3 for Drive A where tunneling rock spoils were 319 collected for direct shear testing. The interpreted geology, cumulative days elapsed, and 320 cumulative lubricant injected have also been included for the respective drives. (Note that thefield measurements of pipe-jacking activities for Drives B, C, and D can be found in Fig. S5 , 322 Further explanation on the measured jacking forces shall be described in detail hereinafter. 339
CASE STUDIES 340
The case studies described hereinafter will illustrate the use of direct shear test results σ EV was adjusted to be equal to zero (Terzaghi, 1943) . Table 4 ). 377
Drive B 378 Table 4 ). From Test 3, the 399 tangential peak MC parameters were c' p = 57.8 kPa and ϕ' p = 44.3° at σ' = 222 kPa (see Table 4 ). Tunneling shale spoils were 413 obtained from the latter section of the drive (136 m to 228 m) for direct shear testing (Test 4). 414
The equivalent tangential peak MC parameters were c' p = 29.0 kPa and ϕ' p = 38.7° at σ' = 415 234 kPa (see Fig. S4 ). From Eq. (2), the computed σ EV was 11.7 kN/m 2 . The average face 416 support pressure had minimal fluctuations, measured at 115 kN/m 2 . However, the measured 417 jacking forces were highly scattered (R 2 = 0.45) averaging at 81.1 kN/m (see Fig. S10 of the 418 Supplemental Data). This is believed to be due to a 19-day extended stoppage in the pipe-419 jacking works, which occurred at the clay-shale interface (see Fig. S7 ). The subsequent back-420 analyzed µ avg was 0.71, indicating that lubrication during pipe-jacking of Drive D was 421 ineffective, despite having about 6.5 times more lubricant injected into the theoretical overcut. 422
This shall be explained in the discussion section later. 423
Summary of drives 424
Using the "generalized tangential" technique, equivalent MC parameters were estimated 425 from non-linear failure envelopes of direct shear tests on scalped tunneling rock spoils. The effect of geology on jacking forces, and consequently on jacking speed and lubricant 450 use was also apparent in Drive C (Test 3) through phyllite (see Fig. S6 ). The stress reduction 451 at the pipe crown due to presence of arching (σ EV = -22.3 kN/m2) could also be attributed to 452 phyllite, which is characterized as being intensely folded with steep dips (Tan, 1993) . Folds 453 were also depicted in micrographs of phyllite (see Fig. S1(c) ). These geological features 454 created a structurally stable bore, allowing for re-distribution of soil stresses around the outer 455 peripheral of the pipeline, i.e. arching. 456
The erratic structure of phyllite also reduced the lubrication injected, as the intense folding 457 likely reduced the permeation of lubricant into the surrounding geology. The retention of 458 lubrication in the overcut ensured that the discretization of a lubricating layer was maintained. 459
This phenomenon has allowed Drive C to record the highest observed jacking speeds across 460 the various drives studied. The reduction of stresses acting on the pipe outer surface together 461 with the retention of lubricant resulted in relatively low jacking forces. This resulted in an 462 average measured jacking force of only 4.8 kN/m, for which the back-analyzed µ avg was 0.07, 463 significantly lower than the recommended value of 0.1 by Stein et al. (1989) . 464
For Drive D (shale), the calculated σ EV value of 11.7 kN/m 2 indicated that arching effect 465 was reduced, similar to Drive B. Similarly to Drive B, the volume of injected lubricant was 466 well in excess of the theoretical overcut volume. It was likely that much of the injected 467 lubrication was lost into the surrounding geology through fissures. However, Drive D 468 encountered extended stoppage at the clay-shale interface, resulting in highly scattered 469 jacking forces in the shale section (see Fig. 3(d) ). 470
These observations indicate that geology had a significant effect on the jacking forces due 471 to the stresses acting on the pipe by virtue of the arching effect. Subsequently, jacking forces 472 affected the response of the construction process, i.e. lubricant usage and jacking speeds. This 473
shows the coupling of arching and lubrication effects on jacking forces during pipe-jacking. 474
Therefore, it is summarized that: 475 This results in reduced contact between the pipe and the surrounding geology, particularly at 528 the pipe invert. 529
CONCLUSIONS 530
Tunneling rock spoils collected from the decantation chambers of four different pipe-531 jacking sites in Kuching City, Malaysia were tested for the assessment of physical 532 characteristics and geotechnical strength properties. The scalped test specimens were 533 classified as sand-sized and poorly-graded. Direct shear tests were conducted on these 534 scalped, reconstituted tunneling rock spoils in order to characterize them so that assessment 535 of pipe-jacking forces could be better understood and reliably estimated. 536
Results from the direct shear tests were then applied to a well-established jacking force 537 model and subsequently benchmarked against field measured jacking loads. The assessment 538 of jacking forces was conducted by considering the vertical stresses at the pipe crown, σ EV 539 and the volumes of lubricant injected. The back-analyzed frictional coefficient values derived 540 from the four pipe-jacking drives in the Tuang Formation of Kuching City have been found 541 to be reliable and have been explained in relation to their surrounding geologies. The 542 consistencies in findings and discussions made herein are important for the reconstituted rock 543 spoils to be considered as friable, highly weathered 'soft rock', thus exhibiting characteristics 544 that tend towards soil behavior. This has allowed for assessment of pipe-jacking forces using 545 jacking force equations developed for pipe-jacking drives in soil. Water-tightness of the 546 overcut region has been found to be important in maintaining a discrete layer of lubrication 547 that can relieve frictional stresses along the pipe-rock interface. Comparison of the studied 548 drives has shown that arching effects, jacking forces, amount and pattern of lubricant use as 549 well as jacking speeds can be strongly related to the traversed geologies during pipe-jacking 550 works. Stoppages were observed to be a significant factor that can lead to higher jacking 551 forces upon resumption of a jacking drive. Although the assessment of jacking forces through 552 rocks is limited in existing jacking force models, the current study shows that back-analyzed 553 μ avg can be used to evaluate pipe-jacking forces through weathered geology. 554
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